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Introduction
Ixodes ticks are vectors of a number of human pathogens, the best known of these being Borrelia species that cause Lyme borreliosis, commonly known as Lyme disease (Jongejan and Uilenberg 2004; Tilly et al. 2008; Sperling and Sperling 2009 ). Lyme borreliosis is an emerging and highly problematic zoonosis, both for the rapid increase in exposure risk from expanding tick populations and for clinical management problems arising from variability in the clinical presentation of infection (Sperling and Sperling 2009 ).
The increased risk of Borrelia infection appears to be largely due to climate-driven changes in populations of Ixodes scapularis Say, 1821 (Ogden et al. 2010) . In a recent census, Lyme borreliosis incidence in Canada was noted as a specific health threat associated with climate change due to the temperature-induced range expansion of Lyme-competent ticks (Cheng and Barry 2013) . In the 1970's, the first population of I. scapularis was documented in Canada, geographically localized in an area bordering Lake Erie (Nelder et al. 2014) . Borrelia burgdorferi has since rapidly spread throughout this population (Scott et al. 2007) . Further adding to the risk to public health, established tick populations are now found through much of Canada, including New Brunswick, an Eastern Maritime province (Leighton et al. 2012 ). The northward expansion of the range of I. scapularis populations is thought to be mediated by migratory birds carrying adventitious ticks; local host movement is also considered to promote small-scale tick migrations (Leighton et al. 2012) . Genetic analysis of I. scapularis specimens collected across Canada shows both relatively constrained genetic profiles indicative of a founder effect (Ogden et al. 2011) , and strong genetic diversity suggesting established populations continue to receive immigrant ticks from differing geographic areas (Krakowetz et al. 2011) . This indicates that well established tick populations in the Northeastern United States and Europe, have become sources of ticks when migratory birds enter Canada in the spring (Scott et al. 2007; Duneau et al. 2008; Gómez-Díaz et al. 2011; Ogden et al. 2013) . Both the rapid expansion of I. scapularis into Canada and the spread of Borrelia species within those populations provides ample cause for concern. However, the possibility of hybridization between I. scapularis and endogenous Ixodes tick populations also needs to be considered.
Overlooked in predictions of increasing Lyme disease risk is the presence of endogenous populations of Ixodes ticks. The Canadian public health response to Lyme disease has focused on two Ixodes vectors, I. scapularis and I. pacificus Cooley and Kohls 1943, on the assumption that these are the only important vectors of the disease in Canada (Ogden et al. 2010; Sperling et al. 2012; Franke et al. 2013) . A great deal of research has been conducted with regards to I. scapularis as a vector of Lyme disease in Canada; it is a well-known and widely accepted carrier of Borrelia and actively feeds from humans (Piesman and Happ 1997) . However, Ixodes cookei, Packard 1869 ("the groundhog or woodchuck tick"), is also well established in Eastern Canada, including New Brunswick. In contrast to I. scapularis, there is limited research on the vectorial capacity of I. cookei. Ixodes cookei has been described as a carrier of Borrelia but is not considered to be a primary vector of Lyme disease, so for the most part this species is overlooked with respect to Lyme disease emergence in Canada and elsewhere (Levine et al. 1991; Magnarelli and Swihart 1991; Ryder et al. 1992; Barker et al. 1993; Franke et al. 2013) . Ixodes cookei has traditionally been considered to feed predominantly from mustelids and groundhogs (Keirans and Litwak 1989) . But the species has also been collected from a wide variety of animals including humans (Ko 1972; Hall et al. 1991; Levine et al. 1991; Magnarelli and Swihart 1991) and in our collections of approximately one thousand Ixodes ticks of all life stages from the Eastern Canadian provinces of New Brunswick and Nova Scotia in 2012 and 2013, we found I. cookei frequently feeding on human and companion animal hosts. We also observed a number of Ixodes ticks with ambiguous morphology. Traditionally, several morphological differences can be used to delineate between I. cookei and I. scapularis (Clifford et al. 1973; Keirans and Clifford 1978; Keirans and Litwak 1989, Figure 1 ). However, several specimens possessed either mixed or intermediate morphologies, meaning species identity could not be reliably determined by morphology alone.
Observations of ambiguous and intermediate morphology raise the possibility of genetic hybridization between I. cookei and I. scapularis. We recovered the same developmental stages of the two species, including reproductive adults of both sexes, from the same geographic area, and the two species were often on the same individual host, particularly for wildlife hosts. The possibility of genetic hybridization is supported by extensive evidence of hybridization in Ixodes D r a f t 5 ticks (Oliver et al. 1993; Balashov et al. 1998 ). Pheromones appear not to be species-specific (Balashov et al. 1998 ) and even mating between Ixodes ticks and ticks of other genera (Ermoshkeivich 1956; Kalyagin 1967; Sixl 1971 , cited in Balashov et al. 1998 (Leo et al. 2010) , D. andersoni and D. variabilis (Oliver et al. 1972; Araya-Anchetta et al. 2013 ), Hyalomma marginatum rufipes x H. dromedarii and H. truncatum (Rees et al. 2003) . Because
Ixodes ticks can mate in the absence of a host, there are even greater opportunities for mating between populations, even if the species are host specific (Kiszewski et al. 2001 ) and cases of hybridization between different Ixodes species have been well documented (Balashov et al. 1998; Kovalev et al. 2016) . In laboratory studies, pairwise combinations between I. scapularis, I. pacificus, I. ricinus and I. persulcatus mated readily, showing no differences in the initiation time, frequency or duration of mating between intra-and inter-species pairings, and all pairings produced hybrids (Balashov et al. 1998) . Although the hybrids were sterile in the laboratory setting, natural populations of sympatric I. ricinus and I. persulcatus show mixed and intermediate morphologies (Bugmyrin et al. 2015 (Bugmyrin et al. , 2016 and the presence of up to 11% viable and fertile hybrids in these sympatric populations was subsequently confirmed by molecular methods (Kovalev et al. 2016) . Similarly, sympatric populations of I. persulcatus and I. pavlovskyi contain up to 15% fertile hybrids and Ixodes scapularis and I. dammini mate with heterospecifics and conspecifics indiscriminately, and indeed the species I. dammini has since been reduced to a junior synonym for I. scapularis as the two species are now considered to be conspecific (Oliver et al. 1993; Chunsheng et al. 1994) . Given the number of such examples of Ixodes ticks breeding and producing viable hybrids with relatives, this possibility should be explored in the case of I. scapularis and I. cookei.
In this study, we employed morphological and molecular tools to differentiate between I. scapularis, I. cookei and morphologically ambiguous Ixodes ticks collected in Eastern Canada, primarily New Brunswick, from 2012 to 2015. CO1 and 16S mitochondrial genes indicate the maternal heritage and population structure at low taxonomic levels. The 28S rDNA and 18S rDNA nuclear genes, which have previously been used as molecular markers in acarology (Cruickshank 2002) , were used to detect hybridization between the two species. We found that the morphological diversity of these ticks is much greater than previously appreciated, D r a f t 6 to the point where none of the usual criteria for species identification can be reliably used in isolation to identify an individual specimen. This might mean that Lyme disease vectors are not being properly identified in large-scale public health surveillance efforts, particularly those in which tick pre-screening is performed by non-experts. Even more concerning is evidence that this phenotypic overlap between I. scapularis and I. cookei represents hybridization between the two species. Four of the ticks had discordant maternal and nuclear lineages, suggesting that there were hybrids. Of these 4, one was initially identified as morphologically ambiguous and had an I.
cookei maternal lineage and a heterozygous, but predominantly I. scapularis, nuclear 28S gene repeat. The other 3 ticks were not well enough preserved for morphometric analysis but also had Tables 1-3 ). An additional 314 ticks collected between May 2012 and December 2015, only tentatively identified as I. cookei due to damage during removal, were assessed using molecular methods only. These ticks were also recovered from across the province of New Brunswick. Ticks recovered from hosts with a travel history outside of the home community/municipality in the two weeks prior to tick recovery were excluded.
Imaging and morphometric analyses
Ticks with intact palps, hypostome and body were selected for morphometric analyses (I. ImageJ software (Rasband 1997) by assessing circularity, aspect ratio, and roundness. Circularity is calculated using the formula 4π(area)/perimeter 2 . A perfect circle has a circularity value of 1.00. An angular shape has a value of 0.70. The aspect ratio is the ratio of length:width. A perfect circle has a ratio of 1.00, an angular shape an aspect ratio of 1.4. Roundness is calculated using the formula 4(area)/π(length) 2 . A perfect circle has a roundness value of 1.00; an angular shape has a value of 0.60. Some ticks were highly engorged, meaning that attempts at flattening did not sufficiently correct for curvature in the scutum which would skew the quantification of its shape. Of the I. scapularis group, 21 ticks were omitted from the scutum analyses for this reason, as well as 1 tick from the I. cookei group and 1 from the group of morphologically ambiguous ticks. For the scanning electron microscopy of hypostome scales the air-dried, previously frozen tick cuticles were mounted on 32 mm diameter aluminum stubs with colloidal graphite, coated with ca. 20 nm gold using a Hummer 6.2 sputtering unit (Anatech USA, Union City, CA), then examined using a JEOL JSM-5600 SEM JEOL USA, Peabody, MA) at a 48 mm working distance and 10 kV accelerating voltage.
Molecular analyses
DNA extraction: DNA extraction was performed using Aquagenomic Solution (MultiTarget Pharmaceuticals) following a modified version of the manufacturer's tissue protocol. Briefly, ticks were homogenized in the 1.5 mL Eppendorf tubes using an Eppendorf pestle (Diamed) and 50 µL of AquaGenomics Solution (up to 200 µL were used for highly engorged ticks). The tubes were then incubated at 60°C for 45 minutes, vortexed briefly and centrifuged for 4 minutes at 13,300 rpm in a desktop microcentrifuge. The supernatant was pipetted into another 1.5 mL Eppendorf tube containing 50 µL isopropanol, mixed by inversion, centrifuged again at 13,300 D r a f t rpm for 4 min, the supernatant decanted, the pellet rinsed with ~50 µL of 70% ethanol, recentrifuged at 13,300 rpm for 30sec, the remaining ethanol removed, the tubes left to air dry for 15 min at room temperature, 50 µL of 1mM Tris pH 7.0 added and the tube incubated for 1 hr at 60°C. The DNA was then stored at -20°C. All DNA extractions were performed in a biological safety cabinet in a room removed from PCR and DNA analysis work.
Borrelia testing: Borrelia testing was performed using two genes flagellin B (flaB) and outer surface protein A (ospA) primer sets ( Table 1) . The same genes, but detected with different primer sets, were used in 2012 and 2013 (Table 1 ). All primers were manufactured by SigmaAldrich. The DNA was amplified using nested PCR (nPCR) in a UV and ethanol-sterilized PCR cabinet isolated from all other tick-related work. The reaction mixture for the first round of PCR consisted of 2µL of DNA (or sterile nuclease-free water for the negative control), 12.5µL of Go Taq Green master mix (Promega) and 1µL each of 10µM forward and reverse primers (Table 1) , and sterile nuclease-free water to 25uL. In addition to the usual negative controls, an additional negative control for aerosol contamination was performed. The seconds round of PCR was done as above with 2µL of PCR product rather than DNA (or water for the negative control) and substitution of the "inside" primers ( Table 1 ). The thermocycler program was as follows: 95°C
for 5 min; 35 cycles of 95°C for 30 sec, Tm for 1 min, 72°C for 40 sec; 72°C for 5 min; hold at 4°C. The Tm for round 1 PCR was 55°C and 58°C for round 2. Ticks from which both the ospA and flagB genes could be amplified were considered to be infected with Borrelia burgdorferi.
Tick nuclear gene amplification: 10 I. scapularis and 10 I. cookei specimens were selected from different geographical regions and subjected to molecular analysis. 32 of the 35 morphologically ambiguous ticks were also analyzed; insufficient DNA was available for 3 of the morphologically ambiguous specimens and only 28S amplification was performed for the morphologically ambiguous tick T299 and all of the damaged ticks due to insufficient DNA.
Primers amplifying a 510 bp amplicon from the 28S rRNA gene were designed based on sequences for both the I. cookei and I. scapularis 28S rRNA genes (AF120292 and AF200190)
obtained from GenBank. The aligned sequences showed a total of 7 nucleotide substitutions between the two species. Forward and reverse primers for PCR amplification of the gene were designed that included all seven nucleotide substitutions (Table 1) . Salt adjusted melting D r a f t temperatures were calculated using Oligocalc (Kibbe 2007) , which also checked for primer selfcomplementarity. In silico testing for secondary gene products and forward-reverse primer dimers was performed using AmpifyX, a PCR simulation program. Primers for amplification of the 18S rDNA gene were as described by Foucher and Wilson (2002) and produced amplicons of 648 bps for I. scapularis and I. cookei.
Tick mitochondrial gene amplification: Primers for amplification of the 16S rDNA gene were as described by Anstead and Chilton (2014) and produce 456bp and 465bp amplicons for I.
scapularis and I. cookei, respectively (Table 1) . Universal invertebrate cytochrome oxidase subunit 1 (CO1) primers, folmA and folmB, were from Folmer et al. (1994) and produce a 658bp
amplicon from both species (Table 1) . However, the rate of recovery from humans was 19%, higher than that seen for the I. scapularis and I. cookei groups. These host preference results are consistent with those of the larger group of morphologically damaged I. scapularis and I. cookei ticks collected during this time period. In 2012, I. scapularis specimens were found most frequently on dogs (62%) then cats (24%) followed by humans (13%) and groundhogs (1%), while I. cookei was found most frequently on cats (47%) then dogs (38%) followed by humans (8%) and groundhogs (8%). In 2013 I.
scapularis was found most frequently on dogs (77%) then cats (13%) followed by humans (9%) and horses (<1%), while I. cookei were found most frequently on cats (56%) then dogs (36%)
followed by humans (7%). Other than the preferential recovery of I. cookei from cats and I.
scapularis from dogs, host preference was not greatly different and importantly, both species and the morphologically ambiguous ticks were readily recovered from companion animals and humans.
All of the Ixodes ticks were tested for the presence of Borrelia burgdorferi by nested PCR to detect the bacteria-specific genes outer surface protein A (OspA) and flagellin B (flaB).
In the I. scapularis group 15% were infected (Table 2 ). In the I. cookei group 4% were infected (Table 2) . Of the morphologically ambiguous ticks, 14% were infected (Table 2 ). These infection rates are comparable with the larger group of I. scapularis and I. cookei specimens submitted in 2012 and 2013, but too damaged for morphological analysis. In 2012, the infection rate was 11%
and 8% for I. scapularis and I. cookei, respectively. In 2013 the rates were 7% and 3%.
Morphometric analysis of morphologically ambiguous ticks
There are a number of morphological features that differentiate these two species. These include relatively easily assessed morphological criteria such as cuticle colour, in particular that of the legs, scutum angularity and palp shape (Figure 1 ). Other morphological differences such as hypostome scale size have also been described ( Figure 1 ). These are of importance to taxonomists but sufficiently subtle to not be useful in a field or clinical setting. Consequently, in this study, we focused on the gross morphological differences of leg colour, scutum shape and palp shape.
Leg colour: I. cookei typically had lighter (more yellow-brown) legs than I. scapularis, which is expected as the common name of I. scapularis is the "black-legged tick" (Figure 1 ). Leg colour was quantified from dorsal images of the ticks and the darker the leg, the lower the colour value ( Figure 2D ; see Materials and Methods for details). Leg color differed significantly between the groups (Kruskal-Wallis Test, p=2.18x10 -12 ) and, as expected, the average values of the I. scapularis specimens were significantly lower than that of the I. cookei specimens (Nemenyi Test, p=2.70x10 -10 ; Figure 3A ). The morphologically ambiguous ticks, however, did not differ significantly from I. cookei (Nemenyi Test, p=0.92) ( Figure 3A scapularis ticks have legs that are as pale as those of "typical" I. cookei ( Figure 3A ).
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Scutum shape: I. scapularis has been described as having a rounder, less angular scutum than I.
cookei (Figure 1 ). The shape of the scutum was quantified from a dorsal image of each tick using three independent mathematical shape description factors; scutum roundness, aspect ratio, and circularity, as described in the Materials and Methods. The circularity factor quantifies the circularity of an object; a perfect circle having a value of 1.00 and any lower values being less circular. Circularity differed significantly between the three groups (Kruskal-Wallis Test, p=7.11x10 -5 ; Figure 3B Figure 3B ). Similarly, significantly less angular scutum shape was observed in the I. scapularis group than the I. cookei and morphologically ambiguous groups, with the latter not differing significantly from each other, were also found for the other two measures of scutum shape, roundness and aspect ratio (data not shown). Examining the distribution of the values for the circularity factor for individual specimens shows that while the higher values are unique to I. scapularis specimens, there is, again, considerable overlap of values between the three groups so that most of the values cannot be used to uniquely distinguish species ( Figure 3B ).
Palps shape: I. scapularis is typically characterized by long and slender palps, with I. cookei having shorter and wider palps (Keirans and Litwak 1988, Figure 1 ). Palp length and width as well as hypostome length were determined using dorsal images of each tick. The ratios of palp length to palp width and of palp length to hypostome length were calculated in order to correct for individual size differences. We would expect I. cookei to have a slightly smaller palp length:width ratio (i.e. shorter and wider palps) based on previous descriptions in Keirans and Litwak (1988) . Palp length:palp width ratio differed significantly between the three groups (Kruskal-Wallis Test, p=1.01x10 -5 ). For the ticks that were categorized as I. cookei, the overall palp length:width ratio was significantly lower than I. scapularis (Nemenyi Test, and the unknowns (Nemenyi Test, p=0.00013) ( Figure 3C ). Unlike leg color and scutum shape, however, the morphologically ambiguous ticks were indistinguishable from the I. scapularis specimens (Nemenyi Test, p=0.755) ( Figure 3C ). Importantly, the distribution of these ratios for each of the three groups was again overlapping ( Figure 3C) ; there is no palp length to hypostome D r a f t length ratio that uniquely identifies species. Similarly, the ratio of palp length to hypostome length showed I. scapularis has, on average, longer and more slender palps than I. cookei, with the morphologically ambiguous ticks again resembling I. scapularis (data not shown).
In summary, average values for leg color, scutum shape and palp shape differ between I.
scapularis and I. cookei, in a manner consistent with standard taxonomic keys. However, the values for all of these factors overlap so extensively so that for any individual tick it is not possible to determine species solely based on these characteristics. The morophologically ambiguous ticks tended to resemble I. cookei in leg colour and scutum shape but I. scapularis in palp shape.
Molecular Analyses
The nuclear 28S and 18S rDNA and the mitochondrial cytochrome oxidase subunit 1 (CO1) and 16S genes were amplified and sequenced to assess lineage and the possibility of hybridization. Ten individuals were selected from the each of the I. scapularis and I. cookei groups, ensuring that the specimens came from different geographical regions and 32 of the 35 morphologically ambiguous ticks were also sequenced.
Sequencing the 28S and 18S nuclear rRNA genes, and the CO1 and 16S mitochondrial genes of 10 I. scapularis and 10 I. cookei ticks confirmed their identity. Sequences for 28S in our I. scapularis and I. cookei specimens revealed only two distinct sequences, which conformed exactly with the morphologically identified species. However, despite there only being two unique 28S rDNA sequences, these two sequences differed at some sites from the NCBI GenBank sequences (Supplemental Figure 1) . The 28S sequence for I. scapularis and I. cookei available from Genbank (AF200190 and AF120292, respectively) show 7 nucleotide differences distinguishing these species, but only 3 of these sites matched those from our I. scapularis and I.
cookei sequences, (Supplemental Figure 1) . Because the discordant sequences occur at either end of the amplicon, the inconsistencies between the sequences found here and the vouchers may be the result of errors in the sequences deposited in GenBank. sequences were produced; one corresponding to I. scapularis and one corresponding to I. cookei.
These two sequences differed by three nucleotide substitutions (Supplemental Figure 2) .
CO1 and 16S mitochondrial sequences were used to confirm the species assignment and to assess the genetic relationship between the specimens. Ample intraspecies variation was observed in both genes; 3-7% for CO1 and approximately 1% for 16S, though there is enough interspecies difference for delineation between I. cookei and I. scapularis (~22% for CO1 and ~15% for 16S) (Supplemental Figure 3A and B). The species identification of the I. scapularis and I. cookei specimens based on CO1 and 16S were completely consistent with that determined by the 28S and 18S nuclear genes for all of the specimens identified as I. cookei and I. scapularis.
Of the 32 morphologically ambiguous ticks subjected to sequence analysis, 9 had 28S sequence identical to that of the I. scapularis group while 22 had complete identity with the I. cookei sequence. One, specimen, T299 collected from a canine host in Bathurst New Brunswick, had CO1 and 16S sequences that identified it as I. cookei but 28S that identified it as I. scapularis.
Closer examination of the 28S chromatogram from this specimen showed that for 28S, at the 3 sites that distinguish I. cookei and I. scapularis there was evidence of sequence heterozygosity (Figure 4 ). Such heterozygosity was not seen in any of the equivalent sites of the confirmed I.
scapularis and I. cookei specimens (Figure 4) . One other tick, T300, showed evidence of slight heterozygosity at the divergent sites of the 18S nuclear genes, although this tick had congruent, I.
cookei, mitochondrial and 28S nuclear sequences (Figure 4) . The divergent mitochondrial and nuclear sequences of T299, and the evidence of nuclear sequence heterozygosity, suggests that at least one of the morphologically ambiguous ticks is a hybrid of the two species.
To confirm these findings, we extended this analysis to ticks collected from May 2012 to December 2015, which were too morphologically damaged to include in the morphometric
analysis, yet which were provisionally identified as I. cookei specimens. We screened 314 ticks
for the 16S mitochondrial gene, obtaining amplification of 245 specimens. Taking advantage of the fact that one of the sites in the 16S amplicon that differs between I. scapularis and I. cookei generates a restriction enzyme recognition sequence, we rapidly screened these samples to confirm I. cookei maternal lineage. We then screened a small subset of these ticks, 6 in total, for I. scapularis nuclear 28S sequence, again using restriction fragment length polymorphisms, followed by sequence analysis. Of these 6 tick specimens, 3 had I. scapularis 28S nuclear sequences (448/452bp = 99%, 460/474 = 99%, 463/503 = 99% identity with I. scapularis sequence, respectively) with no sign of sequence heterogeneity. All of these ticks were collected from the same canine host in Riley Brook, New Brunswick and all had identical nuclear 18S
sequences, suggesting that they arose from a single hybridization event. Unlike the nuclear 28S sequences that matched the I. scapularis sequence, the 18S nuclear sequence matched the I.
cookei sequence at one of the 3 divergent sites and had unique sequence at the other two divergent sites (Figure 4 ). Of the remaining 3 ticks, all had I. cookei nuclear 28S sequence, although one presented very modest evidence of sequence heterogeneity (data not shown).
Interestingly, of the 3 additional hybrid ticks, all produced amplification of Borrelia burgdorferi
genes OspA and FlaB indicting that they were infected with Borrelia burgdorferi.
This study was prompted by the finding of morphologically ambiguous Ixodes ticks in New Brunswick, Canada. We sought to assess whether this morphological ambiguity represented undocumented phenotypic diversity, hybridization, or both.
Phenotypic analysis of pure I. scapularis and pure I. cookei showed that there is greater morphological and behavioral diversity in these species than has been previously documented.
While 28S and 18S rDNA nuclear sequences revealed only two Ixodes species; I. scapularis and I. cookei, considerable morphological diversity existed for individuals of both of these species.
Of the morphologically ambiguous ticks, one third were identified as I. scapularis and the other two thirds, I. cookei, based on DNA sequence analysis. This finding demonstrates that both species are more morphologically variable than had been appreciated.
The phenotypic variation documented here could be due to normal phenotypic variation, genetic introgression through hybridization or both. Of the morphologically ambiguous ticks, one, with I. cookei mitochrondrial DNA but I. scapularis nuclear 28S gene repeats also showed heterozygosity for the nuclear sequence. Three other ticks also had I. cookei mitochrondrial DNA and I. cookei-like parts of the nuclear 18S gene, but I. scapularis nuclear 28S gene sequences with no evidence of sequence heterogeneity. This is strong evidence of hybridization.
Additionally, the presence of both mixed and pure 28S nuclear DNA in the hybrids provides evidence that the hybrids are fertile, as introgression of I. cookei mitochondrial sequences into I.
scapularis would have required repeated crossing of hybrids with the I. scapularis parental species. Another tick, T300, also showed possible heterozygosity for the nuclear sequences, although for this specimen the nuclear and mitochondrial sequences were congruent. In all cases, the mitochondrial sequences indicate that the maternal lineage was I. cookei. As adventitious introduction of I. scapularis is occurring within I. cookei populations (Odgen et al. 2013 ), one could speculate that stranded I. scapularis males introduced by migratory animals are able to mate with I. cookei females to produce hybrid offspring. These F1 hybrid offspring could either reproduce with I. scapularis mates, to produce a hybrids such as T299, T654, T655, and T659 or I. cookei mates to produce a hybrid such as T300. Others among the morphologically ambiguous ticks may also have been hybrids, but not detected if they were homozygous at the assayed 28S nuclear gene due to older introgression events. That the hybrid ticks, and also the morphologically ambiguous ticks, were recovered from different regions of New Brunswick Ixodes ticks appear to be remarkably promiscuous (Balashov et al. 1998 ) and in the case of I. cookei and I. scapularis in New Brunswick, there would be ample opportunity for interbreeding as our records show adult specimens recovered during the same seasons, the March to
July spring season and the September to December fall season and in some cases from the same host individual. One implication of hybridization is that it could promote more rapid expansion in the range of I. scapularis. In the absence of hybridization, for a new population of I.
scapularis to be founded, both male and female individuals must be introduced to the same area by migratory animals. Given the limited mobility of ticks in the absence of a host, this would be expected to limit the establishment of new populations. However, if stranded I. scapularis males can produce viable and fertile hybrid offspring with resident I. cookei females, I. scapularis, or I.
scapularis-like, populations can establish much more rapidly. Another consequence of hybridization is that hybrids can act as bridge vectors to promote pathogen diversification to new hosts; mosquito hybrids and tick hybrids have been proposed to have promoted the transfer of the West Nile virus from birds to humans (Fonseca et al. 2004 ) and the origin of novel tick-borne encephalitis virus subtypes (Kovalev and Mukhacheva 2014) , respectively. It may be important to note in this context that, although the sample size is low, three of the four hybrids carried
Borrelia. Finally, genetic mixing and introgression will influence not only the more obvious morphological characteristics described here, they would also influence behaviors such as feeding and host preference. Ixodes cookei has traditionally been considered to feed predominantly from wildlife (Keirans and Litwak 1988 ), but we found that many of the morphologically ambiguous ticks, as well as the ticks identified as I. cookei were found on human and companion animal hosts; indeed 17% of the morphologically ambiguous ticks and 10% of the I. cookei were found on human hosts, incidences comparable to the 14% found for the I. scapularis specimens. Ixodes cookei is well-established in the Eastern United States as well as Eastern Canada and is well adapted to cold conditions (Ko 1972) . Notably, I. cookei eggs can hatch in temperatures as low as 11°C (Farkas and Surgeoner 1991) . Based on the suitability of this species to Eastern North America, any introgression of I. cookei genes into I. scapularis that increase its suitability for northern climates or the introgression of I. scapularis genes into I.
cookei that affect host preference and ability to transmit Borrelia, could pose a serious public health concern.
These concerns are made more pressing by the lack of knowledge surrounding I. cookei biology, stemming from the tendency to disregarded this species because it is considered insignificant as a Lyme disease vector (Levine et al. 1991; Ryder et al. 1992; Barker et al. 1993; Franke et al. 2013) . Although I. cookei has been shown to carry Borrelia and epidemiological evidence suggests a possible role for I. cookei in some cases of human Lyme disease (Levine et al. 1991; Magnarelli and Swihart 1991; Ryder et al. 1992) , the transmission of Borrelia through molts (transstadial) and from tick to host has proven weak (Ryder et al. 1992; Barker et al. 1993 ).
In the most comprehensive investigation of the vectorial capacity of I. cookei, Barker et al. (1993) found that Borrelia was not detected in any of the 110 larval, nymphal and adult I. cookei collected in Ontario. In order to test the ability of the ticks to acquire Borrelia, both I. cookei and I. dammini (junior synonym for I. scapularis) larvae were made to feed on hosts experimentally inoculated with Borrelia. It was found that I. dammini became infected with Borrelia at a higher rate than I. cookei. To examine Borrelia transmission from the ticks to a new host, the researchers placed the nymphs on a naïve host animal. They concluded that I. cookei had poor transmission capability due to a single groundhog remaining uninfected after being fed on by I.
cookei nymphs, although the researchers did note that it is unknown whether any of the nymphs were infected or became engorged on this host (Barker et al. 1993) . Although I. cookei did not exhibit a strong vectorial capacity, both works note that occasional transmission cannot be excluded (Ryder et al. 1992; Barker et al. 1993 ). Additionally, it should be noted that this study used I. cookei native to Ontario more than two decades ago. It may be worth considering that these ticks differ from other populations as geographical distinction between genotypes has been observed in Ixodid ticks (Krakowetz et al. 2011) . Indeed, a case report of I. cookei successfully initiating an erythematous rash on a human host in West Virginia is suggestive of the capacity to transmit Borrelia (Hall et al. 1991) cookei (p=2.70x10-10). The Unknowns did not differ significantly from the I. cookei group (p=0.92). B) Variation in the circularity of the scutum of ticks classified as I. scapularis, Unknown and I. cookei. Circularity was calculated using the formula 4π(area)/perimeter2. A perfect circle has a circularity of 1.00 and an angular shape has a circularity of 0.70. Ticks classified as I. scapularis had a significantly higher average circularity value than the Unknowns (p=1.0x10-4) and the ticks classified as I. cookei (p=0.012).
The Unknowns did not differ significantly from the I. cookei group (p=0.2898). C) Variation in the palp length to palp width ratio of ticks classified as I. scapularis, Unknown and I. cookei. Ticks classified as I. cookei had a significantly lower average palp length to width ratio than ticks classified as the Unknowns D r a f t (p=1.3x10-4) and the ticks classified as I. scapularis (p=6.2x10-5). The Unknowns did not differ significantly from the I. scapularis group (p=0.755).
239x664mm (300 x 300 DPI) D r a f t Figure 4 Chromatograms displaying the loci of the nuclear 28S and 18S gene sequences that differ between I. scapularis Say, 1821 and I. cookei Packard, 1869. Both genes differed by three nucleotides between the two species. While the 28S gene of specimen T299 predominantly displayed an I. scapularis sequence, some I. cookei sequence was also observed. Hybrids T654, T655 and T659 displayed exclusively I. scapularis nuclear sequence despite I. cookei mitochondrial 16S sequence. T300 predominantly displayed an I. cookei 18S sequence, but some I. scapularis sequence was also observed.
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